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MODEL CALCULATIONS OF THE NUCLEON REMOVAL BY 80-164 MeV PROTONS 
FROM MEDIUM-MASS NUCLEI 
M. ~ a d l e r , *  P.P. Singh, and J. ~ a s t r z e b s k i * *  
The q u a n t i t i e s  ex t r ac t ed  i n  t he  measurements1 of However, t h e r e  a r e  no t i ceab le  d i f f e r ences .  
nucleon removal by medium energy protons have been 
compared wi th  t h e  r e s u l t s  obtained i n  terms of t he  
cascade model2 using t h e  computer code V E G A S ~  and 
those i n  terms of t he  multi-pre-equilibrium emis- 
s i o n  hybrid model4 using the  code EVAWB. 
The cross  s ec t ions  predic ted  by EVAHYB and 
VEGAS, inc luding  the  evaporat ion which was ca l -  
cu la ted  wi th  t he  codes ALICE and DFPMI 
i n  t he  two cases,  r e spec t ive ly ,  a r e  i l l u s t r a t e d  i n  
Fig. 1 f o r  t he  164 MeV protons bombarding t h e  
6 2 ~ i  target .  The q u a l i t a t i v e  f e a t u r e s  of  t he  
c ros s  s e c t i o n  predic ted  by the  two models a r e  
F i r s t ,  t he  EVAHYB pred ic t s  more cross  s e c t i o n  f o r  Mn, 
C r  and V i so topes  than e i t h e r  predic ted  by cascade 
model o r  a c t u a l l y  observed. This discrepancy,  along 
wi th  t he  neces s i t y  t o  i nc rease  t h e  MFP by a f a c t o r  
of two t o  g e t  reasonable comparison wi th  t h e  observa- 
t i o n s  i s ,  hopeful ly ,  expected t o  g e t  cor rec ted  when 
t h e  geometry dependent e f f e c t s  a r i s i n g  from t h e  d i f -  
fuseness of  t h e  nuclear  su r f ace  a r e  incorpora ted .  
The cascade model on t h e  whole n o t  only g ives  a r a t h e r  
s a t i s f a c t o r y  account of  t h e  absolu te  magnitude of  t h e  
observed cross  s e c t i o n s ,  bu t  a l s o  of t r ends  among i so-  
topes of various nuclear  spec i e s  over t h e  e n t i r e  mass 
s i m i l a r  and a r e  of t h e  same kind a s  shown (see range of t he  product nuc l e i .  Some q u a n t i t a t i v e  
Fig. 2) by the  observed c ros s  s ec t ions .  devia t ions  a r e  expected s i n c e  i n  many cases  t h e  ob- 
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Figure 1. Figure 2. 
served cross  s ec t ions  a r e  only a p a r t  of t he  t o t a l  
production cross  s ec t ions .  The o t h e r  dev ia t i ons  
a r i s e  from the  l i m i t a t i o n s  inherent  i n  t he  models. 
For example, cons i s t en t ly  lower cross  s ec t ions  (by 
a f a c t o r  of  2) observed f o r  61~i a s  compared t o  t he  
ca l cu l a t i ons  may be due t o  t h e  f i r s t  cause. Since 
odd-A n u c l e i  a r e  l i k e l y  t o  decay through many 
t r a n s i t i o n s ,  r e s u l t i n g  i n  smal ler  average cross  
s ec t ion  per  t r a n s i t i o n ,  one is more l i k e l y  t o  m i s s  
some a s  compared t o  an even-even nucleus where a l l  
of t he  decays tend t o  funnel  through the  f i r s t  2+ 
exc i t ed  s t a t e .  On the  o the r  hand, lower predic ted  
cross  s ec t ions  f o r  some of t he  Co i so topes ,  t he  
observed values f o r  which were determined through 
a c t i v a t i o n  measurements, must be due t o  inherent  
l i m i t a t i o n  of t he  model o r  improper choice of t he  
values of the  parameters used. It is f e l t  t h a t  a 
quan t i t a t i ve ly  de t a i l ed  comparison wi th  t he  obser- 
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ved r e s u l t s  would be asking a l i t t l e  too much from 
the  model a t  t h i s  s t age  knowing t h a t  i t  does no t  
embody some of t he  phys ica l  e f f e c t s ,  such a s  t he  
r o l e  of  t he  c o l l e c t i v e  e x c i t a t i o n s ,  i n t e r a c t i o n s  
involving co r r e l a t ed  c l u s t e r  of nucleons and the  
l i k e .  
However, i f  one lumps some of t he  cross  sec- 
t i o n s  together ,  a s  is done i n  Figs. 3-5, t he  
models, e spec i a l l y  the  cascade model, show even 
g rea t e r  success i n  represent ing  the  observations.  
In Figs.  3 and 4, t he  production cross  s ec t ions  f o r  
nuc l e i  of a given mass a r e  p l o t t e d  along wi th  t he  
p red i c t i ons  of  var ious  models f o r  80-164 MeV pro- 
tons on 6 2 ~ i  t a r g e t .  It i s  worth not ing  t h a t  a t  80 
MeV, where s i n g l e  pre-equilibrium emission is ade- 
quate,  inc luding  the  geometric e f f e c t s  of the  GDH 
mode14s5 is no t  ab l e  t o  give a s  good an account of 
t he  observed cross  s ec t ion  a s  t he  EVAHYB with 
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Figure 3. Figure 4. 
doubled MFP. It is t h i s  t rend  which g ives  t he  
hope t h a t  when t h i s  e f f e c t  is included,  t he  un- 
physica l  enhancement of MFP i n  t he  hybr id  model f o r  
h igher  ene rg i e s  would no t  be  necessary.  Fur ther ,  i t  
may a l s o  co r r ec t  f o r  t h e  sys t ema t i ca l ly  h igher  and 
lower cross  s ec t ions  i t  p r e d i c t s  f o r  n u c l e i  f a r t h e r  
and nearer  t o  t he  t a r g e t  mass, respect ive ly .  The 
cascade model, on the  o t h e r  hand, is cons i s t en t ly  
a b l e  t o  reproduce t h e  observed cross  s ec t ions  with- 
i n  about 25% a t  a l l  energ ies .  I n  Fig.  5, t he  obser- 
ved production c ros s  s e c t i o n  f o r  each nuclear  spec ies  
is compared wi th  t h e  p red i c t i ons  of t h e  two models 
f o r  t he  164 MeV case.  Again the  cascade model is 
ab le  t o  g ive  a not iceably  b e t t e r  account of t he  
measurements than the  hybr id  model. 
I n  Fig.  6,  the  p red i c t i ons  of t he  two models 
regarding the  behavior of<AA> wi th  energy a r e  com- 
pared wi th  t he  t rend  of t he  experimental  values.  
Whereas both  models p red i c t  t h a t  < AA> i nc reases  w i th  
energy a t  t he  r a t e  of about 0.02 nucleon pe r  MeV 
which is a l i t t l e  l a r g e r  than the  observed va lue  of 
0.015, the  cascade model is  a b l e  t o  p r e d i c t  t h e  co r r ec t  
absolu te  magnitude f o r  <AA> f o r  d i f f e r e n t  t a r -  
g e t s  a s  we l l  a s  of v a r i a t i o n s  of  <AN>- < A Z >  wi th  
the  N-Z of t he  t a r g e t .  Higher va lues  of  < AA> given 
by the  hybrid modelare due t o  t he  same pathology 
which makes i t  p r e d i c t  l a r g e r  c ros s  s e c t i o n s  f o r  
n u c l e i  f a r t h e r  from the  t a r g e t s  as discussed before .  
I n  terms of t he  cascade model one can i n v e s t i -  
ga t e  some i n t e r e s t i n g  f e a t u r e s  of  t h e  nucleon- 
nucleus i n t e r a c t i o n .  F i r s t ,  as shown i n  Fig.  7, o f  
t he  t o t a l  of about 5 nucleons t h a t  a r e  emi t ted ,  on 
an average, from var ious  n i c k e l  i so topes  a t  136 MeV, 
about  two a r e  emi t ted  i n  t h e  pre-equil ibrium phase 
and the  remaining th ree  a r e  emi t ted  i n  t he  e q u i l i -  
brium phase; of  t he  l a t t e r ,  two a r e  e i t h e r  neut rons  
o r  protons and one is i n  t he  form of c l u s t e r s  such 
as d,  t ,  %e, and 4 ~ e .  The number of nucleons pre- 
d i c t ed  t o  be emi t ted  i n  t h e  pre-equil ibrium phase 
is  cons i s t en t  with t h e  conclusion der ived  from the  
p a t t e r n  of t he  observed production c ros s  s ec t ion .  1 
Emission of t h r ee  nucleons, on an average, i n  
t he  equi l ibr ium phase impl ies ,  assuming t h a t  i t  
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Figure  5. 
takes  about 10  MeV t o  evaporate a nucleon and t h a t  The models, i n  p a r t i c u l a r  t he  cascade model, 
t he  f i n a l  nucleus is  genera l ly  l e f t  a t  about 10 a r e  found t o  give a c r e d i t a b l e  account of  t he  ob- 
MeV e x c i t a t i o n ,  t h a t  t he  average e x c i t a t i o n  of t he  served f e a t u r e s  of  t h e  experimental  r e s u l t s .  However, 
system a t  equi l ibr ium is about 40 MeV. Thus, more a more q u a n t i t a t i v e  comparison with models must await 
than 213 of t he  inc ident  energy on the  average is incorpora t ion  i n  t he  models of  such phys ica l  a spec t s  
taken away by the  pre-equilibrium emissions. The a s  c o l l e c t i v e  e x c i t a t i o n s  and i n t e r a c t i o n s  involving 
corresponding f r a c t i o n  is c l o s e r  t o  112 a t  80 MeV. formation of and s c a t t e r i n g  from c l u s t e r s  i n  nucle i .  
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r a t e  of  about 10  MeV f o r  each add i t i ona l  nucleon re- 
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binding energy i n  t h i s  mass region.  
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